Physico-Chemical Phenomena Governing
the Behaviour of Radioactive Substances.
State-of-the-Art Description

Restoration Strategies for Radioactively Contaminated
Sites and their Close Surroundings
RESTRAT - WP2

Vinzenz Brendler
Forschungszentrum Rossendorf, Institute of Radiochemistry
P.O.Box. 51 0] 19, D-01314 Dresden, Germany
RESTRAT-TD.2

18 August 1999 - Issue 4

Project FI4P-CT95-0021a ( PL 950128 )
co-funded by the Nuclear Fission Safety Programme of the European Commission

ABMIN RECORD
SW-A-004649

DOCUMENT CLASSIFICATION BGSF AV .
ARG vailoble Copy




RESTRAT - Physico-Chemical Phenomena: State-of-the-Art Description

Summary

Work package WP2.1 of the EC project RESTRAT characterizes the main parameters, namely physico-
chemical ones, determining the source term evolution in radioactively contaminated sites with regard to
their importance and availability for risk assessment models, ensuring a more profound chemical base for
restoration scenarios.

This report summarizes the physico-chemical phenomena and their main parameters. It points out the ways
to get the available data from sources like databases, scientific publications, or own experimental
determinations and measurements. Such a database establishment for each site to be remediated has to be
accompanied by an integration of chemical speciation into existing risk assessment codes. Therefore the
state-of-the-art of chemical speciation and migration modelling is described, leading to the conclusion that
it is necessary to unfold the wide-spread K concept. K, values have generally both large uncertainties and
important effects on the risk assessment predictions, particularly as models are often sensitive towards
changes in K,. Hence an unfolding makes it possible to perform more detailed sensitivity analysis, to find
the most critical parameters, to reduce parameter space, and finally to prepare the way for more reliable
models.

Consequently, the models for surface complexation most often used in geochemical modelling are
presented here. For both non-electrostatic and electrostatic adsorption models the defining equations,
theoretical background and the main parameters are given. Because surface complexation models, together
with chemical speciation, are to be combined with currently used risk assessment software, the
implementation of such surface complexation models in the geochemical code MINTEQA?2 [Allison et al,
1991] is explained.

In its last part, this work describes data structures and data flows for the proposed strategy of a K,
unfolding, namely the combination of MINTEQA2 with the PRISM / BIOPATH [Gardner et al., 1983;
Bergstrom et al., 1982] package.

It is hoped that the work performed under the RESTRAT project, and especially the part presented in this
report, will help to define and use a common language among all the different group of scientists, involved
and required in such a true multi-disciplinary and complex challenge as the risk assessment for
radioactively contaminated sites.
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1. Introduction

The main objective of the overall RESTRAT project is to develop a generic methodology for the ranking
of restoration techniques as a function of site and contamination characteristics. The work has been broken
down into several work packages. This technical deliverable, as required by the contract, summarizes the
work performed in work package WP 2: Physico-chemical phenomena during Phase 1: State-of-the-art
description.

The focus is on the characterization of the main parameters, namely physico-chemical ones, determining
the source term evolution with regard to their importance and availability for risk assessment models. The
aim is to deliver a more profound chemical base for risk assessment scenarios, which is accompanied by
a general improvement of the communication and mutual understanding between risk assessment
researchers and physico-chemists. In order to take properly into account the physico-chemical phenomena
governing the contamination source term development in time and space, it is necessary to extend the
knowledge about these phenomena and the underlying basic processes and interactions. This allows a
better integration of chemical speciation into existing risk assessment codes.

Up to now, the physico-chemical phenomena were considered ( if at all ) by applying distribution
coefficients (K,) in order to model the distribution of a contaminant between solid and aqueous phases.
Such distribution coefficients generally have large uncertainties. In many cases sensitivity analysis for risk
assessments revealed, that the uncertainty of the K, was propagated throughout the whole model, contrib-
uting to a large extent to the overall uncertainty of a prediction. In other words, risk assessment models are
particularly sensitive towards changes in K,. To overcome this problem, strategies are required to “unfold”
the K, approach into more basic processes. This should make it possible to perform more detailed
sensitivity analysis, to find the most critical parameters, to reduce parameter space and, finally, to pave the
way to more reliable models.
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7. Unfolding the K, value
7.1. Why are the K, values not satisfactory ?

The K, framework is built on the concept of distribution ( or retardation ) coefficients. This is defined as
the ratio of the sorbed ( fixed, immobilized ) and unsorbed ( free, truly dissolved ) fraction of a component
( chemical element ) under equilibrium conditions. That means, however, subsuming many physico-
chemical processes into one parameter, which is a severe weakness of the K principle [Hayes et al., 1991;
Puigdomenech and Bergstrom, 1994]. Distribution coefficients are very difficult to measure with a good
precision and accuracy. Literally by definition, because of their incorporation of very different basic
physico-chemical phenomena, they are dependent on so many parameters that even slight changes in one
system parameter ( say the Eh or the content of a major cation, or the occurrence of a new mineral phase,
etc ) can drastically change the distribution coefficient. To measure the effect of all combinations of these
parameters is impossible. That means, all K, values used nowadays in risk assessment or other prognostic
studies are just snapshots for specific locations of the site valid only for the time of the measurement. This
in turn assigns them very large uncertainties.

A much better strategy is the decompaosition of the K, value into the main basic processes defining it. Such
an approach will unfold the single value K, into a vector of parameters, such as Eh, pH, concentrations of
the various components, surface areas, and temperature. Apparently this is a step backwards. But it has the
great advantage that all these parameters can be measured with more reliability and precision. Knowing the
functional relationships between these processes and how they contribute to the K, allows a computation
of K, rather than a measurement. Moreover, simulations with variable parameter values may easily yield
a K, surface as a function of the "primary" parameter vector, even for hypothetical conditions. Also, some
long-term effects that can render conventional distribution coefficients meaningless ( co-precipitation,
diffusion of the trace element into crystal lattices ) can be accounted for in a better way. Another applica-
tion is expressing K, as a function of time, related to better-defined time dependencies of other basic
parameters. Furthermore, it becomes possible to identify those parameters affecting the K, strongest.
Consequently, extra measurements can be designed efficaciously to reduce the K, uncertainty.

7.2. Guidelines for unfolding the K,

The unfolding of the K has to ensure that a broad spectrum of physico-chemical processes governing the
source term evolution is covered. But to make the model development efficacious and fast, both the
original risk assessment code and the chemical speciation code should be left mainly unchanged. The focus
should be on the creation of simple interfaces between these codes. Ideally, it would be that, after each
speciation modelling step, there are still only one or two parameters delivered, but now as a function of
time ( and space ), to take into account the changes in speciation. In general there are three different
approaches possible for an unfolding of the K, value. K, values can be made available to the risk assess-
ment code ( here the PRISM / BIOPATH program suite ):

a) as pre-processed matrices ( values and associated error distributions ). That means the uncoupling of
speciation from the risk assessment calculation. It is certainly the fastest way when it comes to
computing time, but to cover the whole parameter space defining K, inter- and extrapolations are
necessary which will increase uncertainty significantly.

b) via on-line calls of external speciation programs. This will slow down the computing, but gives a much
higher accuracy of the results. On the other hand, the programs are still kept quite flexible.
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c) from directly incorporated subroutine calls performing the speciation calculations. This ensures a faster
computation than in case b), but requires the largest programming efforts and makes the whole software
rather inflexible.

Approach b) has been chosen in this work because of the high flexibility which allows for later corrections
in the code that may be necessary in the course of program testing and verification. Since PRISM /
BIOPATH can only handle the transport of the contaminant itself, but not of all the other major compo-
nents in the system, internal physico-chemical conditions of a compartment will only change when
respective parameters are defined as time-dependent. So far this 1s not used. Hence, as a first approxima-
tion it is sufficient to compute the speciation only once for each compartment, resulting in corresponding
new K, values. '

There are various ways to improve computational speed further in the future. Arranged with increasing

programming efforts, this comprises:

- reduction of the output from the chemical speciation modelling to ease output processing by PRISM2;

- reduction of the input files for the chemical speciation modelling to include only necessary compo-
nents;

- propagating of previous equilibrium concentration as initial values when performing time-dependent
calculations;

- shift the PRISM2 call to the chemical speciation software from an external “system()” call to an entirely
internal subroutine. This means full integration of chemical speciation into PRISM and BIOPATH.

7.3. Selection of speciation programs

As described in Section 5.5, there is a variety of speciation programs to chose from when it comes to an
integration with the PRISM / BIOPATH software. The processes mainly influencing the species distribu-
tion can roughly be grouped into three categories:

- reactions in homogeneous solution (redox reactions, hydrolysis, complexation, etc;

- the formation of pure and mixed solid phases;

- and reactions on mineral surfaces.

The modelling of chemical speciation has to take them all into account, which does not pose a problem
with regard to the first two categories. Nearly all programs available now can handle them, including redox
reactions, which is essential for the reasons outlined in Chapter 3. When it comes to the third category,
many programs have to give up or can just offer the simplistic K, approach, that was already critically
discussed in the previous two sections of this chapter. One of the few programs that is capable of model-
ling reactions between dissolved ions and mineral surfaces is MINTEQA2 from the U.S. Environmental
Protection Agency [Allison et al., 1991]. It has three different surface complexation models incorporated
to choose from. Another program, EQ3/6 from the Lawrence Livermore National Laboratory [Wolery,
1992], can not compute surface reaction equilibria but has the big advantage to take kinetic rate laws into
account. So in a certain sense these two programs complement each other. There are more reasons, why
these two programs were selected for the speciation modelling part in the integrated risk assessment
package to be developed. Both are available in source code, which is essential for any adaptions which are
necessary to create interfaces between chemical modelling and risk assessment modules. Moreover, they
have been in use for many years, have been checked by a number of validation programs and are recom-
mended by international organizations.

At the moment no program is available that could act as a kind of superset of EQ3/6 and MINTEQA2, and
include both kinetics and surface complexation. There are two reasons, why from these two candidates the
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MINTEQA2 code ( a more detailed description of the software is given in RESTRAT TD7 [Brendler et
al., 1999] ) was initially chosen for incorporation into the risk assessment code. First, surface complexation
is the most dominant process directly effecting distribution coefficients. Second, the database situation for
kinetic parameters is worse than the one for surface complexation. So the focussing on surface reactions
will faster led to results. The great importance of surface reactions for both the mobilization and retardation
of radionuclides in the environment requires a deeper insight in the respective theories and models, which
is done in the following chapter. Details about the actual implementation of an interface between the
speciation and the risk assessment codes will be given later in Chapter 9.

However, the actual combination strategy to incorporate speciation codes into the PRISM / BIOPATH

software is so flexible that it needs comparatively little effort to substitute the present speciation modules
by another, better program.
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8. Models to describe sorption phenomena

In the literature there are many attempts to describe the interactions between ions in solution and a mineral
surface in contact with them. The resulting interactions can be grouped into various phenomena, such as
physisorption, chemisorption, co-precipitation, inclusion, diffusion, surface-precipitation, or even
formation of solid solutions. Surface complexation in a strict sense only describes the chemisorption and
has, therefore, to be combined with models for the other effects to ensure a proper thermodynamically
based speciation model for the elements of interest. Nevertheless, on shorter timescales it is often the
dominating process, having a fast kinetics. Processes like diffusion of sorbed ions into the host mineral and
the subsequent formation of mixed crystals or solid solutions may then follow, but these require much
more time. This chapter briefly explains the models most often applied in sorption chemistry. Much more
detailed information can be obtained from various textbooks [Dzombak and Morel, 1990] and publications
[Davies et al., 1978; Davies and Leckie, 1978; Davies and Leckie, 1980; Sposito, 1983; Sposito, 1989;
Davies and Kent, 1990; Goldberg, 1991].

For all the formulae the following conventions apply: Brackets, [], specify concentrations in mol / L,
braces, {}, specify free activities in mol / L. The index T indicates total concentration or activity, M stands
for a metal species ( pure cation, hydrolytic or complex species ) that can sorb onto a surface, =SOH
denotes the protonated, unreacted sorption site. The activity coefficient ( dimension depends on reaction
equation ) of a species i is given by ¥,.

Whereas the simplest ( and older ) sorption models do not distinguish between the various processes
outlined above that contribute to the overall sorption, newer model approaches at least describe separately
the effects of the electrostatic attraction between a surface and an ion having charges of opposite sign, and
the effects coming from a chemical reaction of an ion with a reactive surface site. Therefore, the sorption
models will be grouped into two classes, the non-electrostatic and the electrostatic models. The latter are
the surface complexation models ( SCM ) in a strict sense.

8.1. Non-electrostatic adsorption models

This section discusses four different approaches all of which neglect the contribution of the electrostatic
effects of charged surfaces to the overall stability of surface complexes. This allows them to be rather
simple in terms of defining equations and amount of model parameters. Of course this often does not
reflect reality with the necessary accuracy, so the usefulness of the following four models is restricted to
only a few cases. More often electrostatic adsorption models will be of greater benefit.

8.1.1. Distribution coefficient (K ) model

This model is the one most often applied in geochemistry at present. It is used in two different versions,
based on either of the following definitions:

a) Conventional K, model:
_ [=SOH-M ]sp

d [ M] ; (7)

Here K, represents the ratio of the specific concentration of the metal sorbed onto the surface ( given in
mol / g solid ) to the concentration of the dissolved metal ( sum over all aqueous species containing the
metal, given in mol / L solution).
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B) Activity K, model:

_ {=SOH-M}

M ®

Contrary to the above definition, here the activity of the sorbed species and the free metal cation in solution
1s considered.

8.1.2. Langmuir adsorption model

The Langmuir adsorption differs from the K, approach only in that it requires specification of the total
number of surface sites available. It assumes a reaction between a distinct surface site and the free metal
cation, giving an equilibrium constant according to the equation:

cht' - { =SOH'M} : (9)
{M}{=SOH}
This formulation is equal to the expression most often given as:

[=SOH-M] = K“’[ SOH1; M
- L
1+K[" y,[M]

19)
Whether a description with the Langmuir isotherm is correct can easily be verified by plotting [M] / [SOH-

M], using a linearized version of the defining equation:

Ml . 1 . _IM]
[=SOH-M]  K,[=SOH], [=SOH], (1m)

The introduction of total surface site densities certainly improves the sorption isotherm concept, because
this takes into consideration saturation effects due to the limited number of reactive surface sites that are
really accessible in a reaction. This surface site density, however, is a parameter not so easily to determine.
It can be obtained from measurements of maximum sorption values ( maximum proton uptake ), by tritium
exchange methods, or through theoretical considerations, for details see Dzombak and Morel (1990).
Values determined for the same surface may differ by a factor of two to three. The surface site density is
often given the symbol I' with the units mol/m? or sites/nm?, but also mol/L solution, mol/mol metal or
mol/g solids are reported; so care must be taken when using such values.

8.1.3. Freundlich adsorption model

The Freundlich model again is very similar to the K, approach, assuming infinite numbers of surface sites.
The difference is that the reacting species M is assigned a mass action stoichiometric coefficient of 1/n:

ke . _{=SOH-M}
ot
(M} {=SOH

The applicability of the model can also be checked through a linearized version of the above equation:

12)

log [=SOH-M] = log K, + ~log[M] (13)
n
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8.1.4. lon exchange model

This model describes the process of exchanging an ion from the solution with an ion on the surface of a
mineral. Such an ion can also be the proton H*. The reaction parameter K,, actually measures the
competition between two ions M, ( initially occupying the site ) and M; ( replacing ion ) for a surface site,
therefore K, is also called selectivity coefficient:

_ {M,}{=SOH-M,}
“  {(My}{=SOH-M,}

(14)

8.2. Electrostatic adsorption models

The models dealt with in this section all treat surface reactions as complexation reactions analogous to
such reactions in homogeneous aqueous solutions. Therefore these models are called Surface
Complexation Models (SCM). This requires the definition of surface sites with a finite concentration.
Usually such surface sites are represented as =SOH groups with S denoting a metal from the solid
structure, located at the solid-liquid interface. Many mineral surfaces, but especially colloids carry a
significant surface charge, creating an electrostatic potential extending into the aqueous solution. Depend-
ing of the charge of the ions they are either attracted or repelled, thus greatly influencing the sorption
behaviour of charged species ( and due to dipolar effects even neutral species ). To account in a proper
way for this charge effect, additional terms have been introduced into adsorption models, modifying the
activity of sorbate ions. These terms describe the electrical work necessary to penetrate the zone of
electrostatic potentials, resulting in a difference between the activity of ions M, with the charge z+ near the
surface and the same ions M in the bulk solution:

(M} = (M=} ¥FRTE (15)

where the second term of the night side, the Boltzmann factor, is defined by the Faraday constant F, the
ideal gas constant R, the absolute temperature T, and the electric potential ¥ near the surface. The activity
of surface species is set to one by definition. Another essential assumption is the diprotic acid model used
to describe the protonation and deprotonation of surface sites.

=S-OH; = =S-OH + H"

a6)
=S-OH = =§-0~ + H"
During some surface complexation experiments it turned out, that the observations could only be explained
satisfactory when assuming two site categories on one surface, having different binding properties:
"strong" and "weak" binding sites with differing surface site densities. The strong binding surface sites are
considered to be acidic, with a large degree of polarization. Weak binding sites are basic sites, with a much
lesser degree of polarization, very similar to anion exchange sites. This concept is applied mostly to cation
sorption, for anions no significant difference in sorbing on strong and weak sites could be detected. So
identical complex stability constants are used ( which reduces the number of parameters somewhat ) for
both site types. Fortunately, when dealing for sorption of contaminants in natural systems, the concentra-
tion of contaminants is near to trace levels. However, in cases, where the concentration of the sorbing ions
is considerably larger, surface precipitation may become important. It is worthwhile to note, that such
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precipitations onto a surface will already occur at concentrations below the values that must be exceeded
in the bulk solution, because the solid activity on surfaces is less than unity.

8.2.1. Constant capacitance model

The constant capacitance model assumes only one layer or plane between surface and bulk solution. All
specifically adsorbed ions contribute to the surface charge in this layer. The total charge T, is computed
using a constant capacitance term C according to:

7, =C¥, a”n
Actually, the constant capacitance model is just a special case of the diffuse layer model for solutions of
high ionic strength (1> 0.01 mol/L ) and surfaces of low potential, see especially Hayes et al. (1991). It
is strongly dependent from the ionic strength, and requires one more parameter than the Diffuse Double
Layer model.

8.2.2. Diffuse double layer model

Here, the total charge T, is defined by the following equation, with all parameters being defined already
before:

. F
o, = 0.1174 VI sinh ( Zy, 2RT) (18)
An important advantage of this rather simple approach is, that there are no electrostatic parameters
required at all. This reduces data needs and consequently data uncertainty, for a detailed discussion see
Dzombak and Morel (1990). lonic strength dependence is taken into account as long as I is below 0.1
mol/L. However, there are other cases, where this approach can not be applied because of a more complex
surface chemistry. i

8.2.3. Triple layer model

In the triple layer model, two different planes are assumed for the surface: The innermost or o-plane does
only incorporate protonation or deprotonation of surface sites. All other specifically adsorbed ions are
assigned to the outer or B-plane. Therefore, each plane has its own charge and potential. The third layer (to
justify the name of the model) is as in the above models the diffuse layer. The total charge for these three
planes are computed from the respective capacitances C and potentials ¥:

T, = C,5(¥, - ¥y
op ~ Cop(¥p -¥F) + G, (¥ - ) 19)
o, = Cp-a(¥y - Fp)

The charge 6, of the diffuse layer is for monovalent symmetric electrolytes given by the Gouy-Chapman
equation with the dielectric constant € und the permittivity in vacuum &,

o - - ,/eeoRTIsinh(\pd%T] 20)
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Here we have thus two additional electrostatic parameters, C, 5 and Cg,, often just referred as C, and C,.
To reduce the number of variable model parameters, C, is generally fixed to 0.2, whereas C, is a fitting
parameter inside a range between 0.1 and 2.0, which is supported by theoretical considerations.

8.3. Implementation of sorption models in the MINTEQA2 software

All seven sorption models described above can be dealt with in the MINTEQA2 code. However, in
contrast to the reaction in homogeneous aqueous solutions ( such as complexation ), there is no default
database for surface complexation delivered together with the program. The only exception is a database
containing several surface reactions of trace metals onto an iron oxide surface, using the diffuse layer
model. The user has to supply all the necessary data to set up an appropriate database himself, details will
be given later. When it comes to the modelling of a speciation, the user first has to decide which SCM to
apply, i.e. it must be capable of describing reality, and the necessary parameter sets must be available.
Once this decision is made, up to five different surfaces can be defined simultaneously, e.g. to model a
rock consisting of several minerals. And each of these surfaces can have up to two types of site.

In the overall modelling framework each of these up to five surfaces is treated like a set of pseudo-
component. Such a set comprises of the following members ( the internal species name is given in
parentheses with # denoting the number of the surface/mineral, in the present realization of the integrated
software this value will always be one ):

- surface site ]| (ADS#TYP1)

- surface site 2 (ADS#TYP2)

- electrostatic component for the o-plane (ADS#PSI0)

- electrostatic component for the B-plane (ADS#PSIB)

- electrostatic component for the d-plane (ADS#PSID)

These components have also predefined internal species codes ( from 811 through 859 ) that can not be
altered by the user. When using non-electrostatic adsorption models or the diffuse double layer model then,
of course, the latter three components become meaningless. For the constant capacitance model only the
first electrostatic component is used. Pseudo-species that are meaningless for the selected sorption model
must not appear in the species list. The general approach is to write all surface complexation reactions in
terms of the solved ions and the above pseudo components. Contrary to the aqueous species no activity
coefficients are calculated for both the sorbed species and the unreacted surface sites.

Now the algorithms used to apply the electrostatic adsorption models shall be explained in more detail. In
all of these models a charge o is associated with the surface ( or with both the o- and B-plane for the triple
layer model ) which has to be equal { with opposite sign due to the charge balance ) to a charge o,
associated with a diffuse layer of counter ions. The electrostatic components that are essentially Boltzmann
factors are defined as components just to fit them into the general computation scheme. They are incorpo-
rated as stoichiometric components in the surface complexation reactions but are no real chemical entities.
Also no total concentration can be assigned to them, rather the total charge is computed using the
equations presented in the previous section. Instead of mass balance equations, charge balance equations
are used to iterate the equilibrium concentrations for sorbed species. They have the form:

or i

;x Z, -T, =0 a1
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where Z, is the charge of sorbed ion i, x; is its stoichiometric coefficient, and T, is the total charge for the
surface according to the applied model ( see equations 17 to 19 ).

As pointed out at the beginning of this section, the user has to set up his own database containing all the
thermodynamic information necessary to apply SCM. This means formulating all relevant chemical
reactions with the proper stoichiometric coefficients, the latter being directly inserted into the database.
When writing the surface complexation reaction, one should keep in mind that MINTEQA2 expects
formation constants for the complexes, and that all reactions have to be re-written if necessary in terms of
the unreacted site =SOH. Moreover, the Boltzmann factors also have to appear explicitly in the reaction.
This means, MINTEQA? uses intrinsic reaction constants K™ compared to the apparent constants K **°
directly determined from experiment. Their relationship is derived from equation 15 and given below,
where Az stands for the change in charge of the surface species in the course of the considered reaction.

Kin = Kapp[e -‘PFAz/RT] 22)

Two examples will help to understand the formalism. It is important to keep this relationship in mind when
extracting surface complexation data from publications or databases as sometimes it is not stated, whether
intrinsic or apparent values are reported.

The first example is about the sorption of 2 monovalent metal ion onto a deprotonated surface site
described with the triple layer model. The corresponding reaction, starting from =SOH, is as follows:

=SOH - H + M = =SO-M 23)

5

The index s for proton and metal ion indicates, that both are not in the bulk solution but already in the
charged surface region, i.e. energy had to be spent to move them in an electrical potential. This is
accounted for by applying equation 15 to correct the respective activities. It gives for the proton:

(H7} = (H) v 24)

The equation for the metal ion is similar, but whereas the proton is bound in the o-plane, the metal ion is
bound in the B-plane, thus the Boltzmann factors have different potentials ¥. By substituting these
expressions into equation 22, one derives:

© . 1=50-M} {H') [e-\poF/RT}

- (25)
. FIRT

{=SOH} (M"} [e %™ ]

This corresponds to the following reaction written in terms of the MINTEQA2 components:

-SOH - H* - e ™| + M + (26)

The second example is the sorption of a divalent metal ion on a surface using the diffuse layer model. The
conventional reaction formalism would be:

=SOH - H, + M" = =SO-M" @7
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After transforming again the activity of proton and metal ion ( this time the model requires them both to
be in the o-plane ! ), the mass action expression is:

(=S0-M"} {H") [e -lpoF/RT]

K =
{=SOH} {M?'} [ ¥}
(28)
(=S0-M"} (H)
(=SOH} {M?"} [e -\poF/RT]
- The stoichiometry in MINTEQAZ2 therefore is expressed as:
SOH - H* + M> + [ %] . (29)

Besides the thermodynamic database, the user has to specify all surface sites with their parameters in the
input file. Then, the total analytical input concentration T, for a surface site in mol / L must be given. It
is calculated from:

B NS,C,

SOH ~ N 30)

N,

where N, is the surface site density in sites / m%, S, is the specific surface area of the mineral in m?/ g, C,
is the concentration of the solid in the suspension in g /L, and N, is Avogadro’s number.

After the surface complexation models available in MINTEQAZ2, together with their actual implementa-

tion, were discussed, the next chapter will focus on the interaction between MINTEQA?2 and the risk
assessment package PRISM / BIOPATH.
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9. Combination of MINTEQA2 with PRISM and BIOPATH

9.1. Chemical data input: internal structure and handling

There are several premises concerning the internal data structure and data processing of the chemical part

of the parameter vector for the PRISM / BIOPATH / MINTEQA2 project:

- To keep the chemical model as simple as possible, and thereby speeding up the processing, the set of
chemical components can differ from compartment to compartment.

- Only a subset of the features offered by MINTEQAZ2 is used, again to keep the overall program as
simple and fast as possible.

- The concentration of each component is given either as numerical value ( several concentration units
are possible ), as being in equilibrium with a gas phase ( then the appropniate partial pressure is
required ), or as being in equilibrium with an ( infinite )} mineral. In the last case, this will add no
variable parameter to the PRISM input vector.

- Adsorption phenomena can be included utilizing different models. At present just one surface ( i.e.
mineral type ) with up to two different surface site types may be specified. This will add up to five
variable parameters S1 .. S5 to the PRISM input vector, depending on the chosen SCM model.

- One can chose different reaction constants B to be modified depending on the actual components for
each compartment. But the same constant should be modified in an identical manner for each compart-
ment where it is relevant. The reaction constants may include complexation, precipitation/dissolution
and sorption.

- There is also an option to suppress certain reactions totally, this will of course not contribute to the
parameter vector for PRISM.

- All parameters are stored sequentially in a vector of structures in the fixed order shown below for a
system consisting of z different compartments. The indices n for the concentrations C and m for the
stability constants P do not necessarily have the same value in each compartment. It should be noted
that the term box is used as a synonym for compartment from here on.

T
S1 ... S5 | Eh | pH | C; ... C, | By ... By (box #1)

S1 ... S5 | Eh | pH | € ... C, | By ... B, (box #z)

9.2. Application scheme
The following scheme lists all actions necessary to set up and run the integrated PRISM / BIOPATH /

MINTEQA2 model properly. The approach for the incorporation of the EQ3/6 code will be quite similar,
then of course no surface parameters are required because EQ3/6 is not able to handle SCM.
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Define the compartment structure:

)
1.1

12

1.3

1.4

2.2

2.3

18 August 1999

Write a FORTRAN file with a function users(). It includes the BIOPATH routines that
computes the contaminant transfer between the compartments and makes the dose calcula-
tions. Here also the call to the speciation code interface must be inserted, followed by
appropriate assignments of the thus computed K values.

Compile the source code and link it with other routines and libraries to get an executable
PRISM2.

Create a file model.box in PRISM1.INP style, containing all non-chemical parameters for all
compartments.

Create input files PRISM2.INP ( containing identifiers for the response functions, and also
some nuclide-specific data ) and PRISM3.INP ( defining the ranking method ).

Identify each compartment that requires a K, and collect all the necessary data:

Determine analytical concentrations for the major anions and cations, and the contaminants,
including also probable equilibria with solid phases or the atmosphere. Data consistency
should be checked separately with a chemical speciation modelling program.

Select thermodynamic data for the reactions, which in fact means a critical assessment,
correction and extension of the default MINTEQA2 database THERMO.DBS.

Collect surface complexation data ( for the contaminant and competing ions ) to build an
SCM input file for MINTEQA2:

- I1dentify the relevant mineral phases and their concentration.

- Select a suitable SCM ( Surface Complexation Model ) from the available list.

- Collect intrinsic surface properties.

- Collect stability constants of surface complexes.

Create a file model.chem. Every parameter can be assigned uncertainties with correspondmg
distribution functions, see Section 9.3.1 for details.

Specify the temperature.

Specify the file with the SCM database, depending on the mineral dominating sorption
processes.

Specify intrinsic surface data, both site-specific and mineral-specific ones, see Section 9.3.2
for details.

Specify redox potential ( as Eh or pe ) and pH.

Specify the number of master species ( chemical components ), their formulas, concentrations
and ( optionally ) guesses for free concentrations.

Specify any reaction that should have a reaction constant different from the entry in the
thermodynamic database. Again, uncertainties can be specified.

Specify any species that should be excluded from consideration.

Specify the species used to keep the charge balance ( not used by MINTEQAZ2 at present ).

Scan model.chem with a separate preprocessor executable CHEM2MIN that build from it (in
parallel to guarantee consistency between all files ):

a MINTEQA2 input template minteq.template, see Section 9.3.2 for details;

a PRISM1 input file PRISM1.INP, which optionally can be edited by the user to introduce
correlations between parameters;

a further input file dim.chem containing the MINTEQAZ2 species code for the contaminant,
the number of compartments and for each compartment the number of components, the
number of modified log B’s, the number of SCM parameters, the type of the redox value, and
the number of infinite minerals.
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5 Run of PRISM1: generation of all parameter set variations, stored in binary format in the file
PRISM1.RSL. The output file PRISM1.0UT allows a check for correct running.

6 Run of PRISM2: loop over all parameter sets, for each vector the FORTRAN subroutine users()

is called that performs the following operations:

6.1 Analyse the parameter vector, extract the relevant values and build a MINTEQA2 input file
for each compartment ( also including the constant parameters ). Concatenate them to one
large input file MININ.DAT.

6.2 Run MINTEQAZ2 to get for all compartments the speciation of the aqueous phase and the
amount of precipitated minerals. In case that MINTEQA? fails for one or more parameter
sets, please check the monitoring file PRISM2.LOG. If serious problems remain, further clues
can be obtained when compiling the interface modules with the compiler option
“-DDEBUG”. '

6.3 Calculate K, values for all compartments, using the results from the MINTEQAZ2 output file
MINOUT.OUT, and store them in the appropriate BIOPATH variables.

6.4 Run BIOPATH for each time step. K, is considered to be constant, because the only
transport accounted for in BIOPATH is the contaminant. In case of time-dependent parame-
ters, K, will be calculated for each time step separately.

6.5 Collect the final response sets together with the respective input parameter sets and write a
binary output file PRISM2.RSL. The file PRISM2.0UT contains some additional information.

7 Run of PRISM3: Sensitivity analysis with respect to all parameters (delivering also covariance

matrices) based on the file PRISM2RSL. The results are summarized in PRISM3.0UT and
PRISM3.TBL. . .
8 Analyse the ranking and correlation information, create graphs and reports.

9.3. Description of data structures

The input for the chemical and non-chemical part of the risk assessment model is separated and defined
in extra files. They are both processed by the CHEM2MIN or CHEM2EQ executables to produce input
templates for MINTEQAZ2 or EQ3/6, respectively, and for the PRISM code. Thus it is assured that the
model description is consistent for both parts of the modelling. The file containing the chemical informa-
tion is calied model.chem and has to be written by the user.

9.3.1. Chemical model description file (model.chem )

It has a well-defined, line-oriented structure. The first lines contain some general information for
documentation purposes. Then detailed chemical data for each compartment of the model set-up are
specified. The following model parameters and their respective error function will be transferred to the
PRISM code: temperature, sorption parameters, redox state, pH, and all concentration values ( aqueous
and gas phase ).

Each such model parameter has its own entry line. It always consists of the acronym for the parameter ( the
chemical formula in case of species ), an integer to indicate the concentration unit (in case of redox state
and master components ) or the species type ( in case of suppressed or modified species ), a character to
specify the type of the error distribution, the numerical value for the parameter, and finally the parameter(s)
describing the error distribution function. At present, there are eight uncertainty distribution functions
implemented in PRISM. They are listed below together with their identification codes and required
parameters. Only the one- or two-letter code and all the non-zero parameters must be given in
model.chem. Optionally as last entry on a line, guesses for the true free equilibrium concentration of a
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master species can be given. This will be used to initialize the iteration of chemical speciation, thereby
enhancing its convergence. :

'C ' -- CONSTANT (const. value, zero, zero, zero)
'H ' -- HISTOGRAM (zero, zero, zero, zero)

‘U ' -- UNIFORM (zero, zero, minimum, maximum)
‘LU’ -- LOG-UNIFORM (zero, zero, minimum, maximum)

'T ' -- TRIANGULAR (midpoint, zero, minimum, maximum)
'LT’ -- LOG-TRIANGULAR (midpoint, zero, minimum, maximum)
‘N ' -- NORMAL (mean, std.dev., minimum, maximum)
'LN’ -- LOG-NORMAL (mean, std.dev., minimum, maximum)

The type H *gives a random order of numbers from 1 to the number of iterations (set of parameters). It is
important to note, that the above codes reflect FORTRAN string conventions. In this project here, only the
respective characters without apostrophes are required.

To incorporate adsorption phenomena into the calculation ( not possible with EQ3/6 ), an adsorption
isotherme type or a surface complexation model ( SCM ) must be specified. The following options are
available:
0 -- No sorption model at all

-- Simple K, approach

-- Langmuir adsorption isotherm

-- Freundlich adsorption isotherm
Ion exchange
-- Constant capacitance SCM model
-- Triple layer SCM model
-- Diffuse double layer SCM model

o W
]
]

If there is sorption to be considered, a file with the appropriate thermodynamic database for the sorption
reaction must be given, its name defaults to SCM.DBS. Several parameters are necessary to describe the
sorption precesses, for their identification fixed, pre-defined keywords must be used as (pseudo-) species
names, as specified in the following paragraph. The first sorption parameter, the concentration of the
sorbent phase ( in gram suspended solids per litre solution, including only the fraction of the reactive
component ) is a site-specific one that must be determined experimentally ( keyword: ADSTCONC ). The
specific surface area ( in m? per gram solid ) of the sorbing mineral must be provided as next item (
keyword: ADSTAREA ). Then the number of distinct surface sites must be given, followed by the
respective site concentration(s) in mol / L ( keywords: ADSTTYP1 and ADS1TYP2), with the first one
usually assigned to the strong, and the second one to the weak binding site type. These values must be
computed from site-specific ( the solid concentration ) and from mineral-specific ( specific surface area
and binding site density ) parameters. Finally, only in the case of the Constant Capacitance SCM or Triple
Layer SCM, a value for the inner layer capacitance (in F / m?) is required ( keyword: ADSTCAPI - with
the last character being the letter I, not the digit 1 ). The outer layer capacitance additionally required in the
Triple Layer SCM is set in the source code of CHEM2MIN to a default constant value of 0.2 for all
minerals, as recommended in Dzombak and Morel (1990). For all surface parameters, the concentration
unit flag is meaningless and can be set to zero. Here, it should explicitely be mentioned that K, values
computed for mixed solids with only a fraction sorbing must be multiplied with that fraction before any
comparison with conventional ( default or experimenta 1) K, values.

For the redox state definition, the concentration unit type specifies whether Eh (-1) or pe (-2) is used. Any
other values of this type will be interpreted to be zero, i.e. there is no redox aspect in the problem.
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CHEM2MIN or CHEM2EQ will pass the redox type for each box to the file dim.chem. The redox value
is always included in the parameter list for PRISM1, even if not defined. Before passing the redox state
value to MININ.DAT, Eh values ( in V ) will be converted to pe according to:

F-Eh
2.303R:T

pe (31)
with F being the Faraday constant ( in C mol"' ), Eh the redox potential (in V ), R the universal gas
constant ( in J mol! K™' ), and T the temperature (in K ).

In case of any species ( major ions = master species, components, contaminants, minerals, species to be
suppressed or to be assigned modified stability constants ) its formula is dependent both on the speciation
software and the thermodynamic database that are used. For MINTEQAZ2, e.g., it has to be in accordance
with the one in THERMO.DBS (for aqueous species, solids and gases) and COMP.DBS (for components). If
such formulas in the *.DBS files contain any spaces, they must be substituted then by underscores in the
input file model.chem. A formula is followed on the same line by a concentration type flag, specifying
the unit of the concentration parameter value. Valid concentration types for species are:

0 mol / kg H,O (molality);

2 mol / L H,0(molarity);

3 mg / kg H,0;

19  amineral is in equilibrium with the aqueous species and thus determines its activity. The name
of this mineral then follows immediately, a concentration value and its distribution function is
not required in such cases. Therefore the respective parameters are omitted. If a mineral is
defined as “infinite” and thus determining a component, all other minerals containing the same
component and exhibiting a higher solubility must explicitly suppressed, due to a bug in the
MINTEQA2 software.

21 aninfinite gas reservoir determines the activity of the aqueous species ( e.g. for CO,(g) determin-
ing carbonate activity ), the logarithm of the partial pressure of the gas in equilibrium with the
species must then be given as concentration value.

The concentration type flag of the first component per compartment defines all other concentration type
flags in that compartment. Therefore values other than 0, 2 or 3 are not valid for the first component in a
compartment.

Lines starting with a hash sign, #, are comments. They can be inserted everywhere to guide the user and
are consequently skipped by the program. If there are several contaminants relevant for a site, for each of
them a separate input file must be created. But this simply means making copies from a “master” file and
changing the entry after “§ Contaminant”.

In case of species declared to be explicitly excluded from consideration, or to be assigned a modified
stability constant, the meaning of the concentration type flag changes to a species type flag. Valid species

types are:
0 - aqueous species
1 - mineral
2 - gas

An example for model.chem can be found in Appendix A.
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9.3.2. Conventional PRISM / BIOPATH input file ( model.box )

The file model.box, delivering all non-chemical input to PRISM / BIOPATH, follows the special input
file format required for PRISM1, with a structure of four blocks. The first block is just a single line, giving
(in free format ) a short description of the problem, the first 40 characters will be printed to the output file.
The second block, again just one line, consists of three integers: The number of parameter variations, the
number of parameters, and a seed for the random number generator ( i.e. an arbitrary selection ). The third
block consists of one line for each parameter, starting with the name of the parameter ( a string with a
maximum of 12 characters, delimited by apostrophes ), then the acronym for the chosen error distribution
function for this parameter ( two characters enclosed in apostrophes, for valid options see the previous
section ), and finally four floating point numbers describing the error distribution. The forth block gives
all the parameter correlation, with one line for each correlation. It starts with the two names of the two
correlated parameters ( as specified in the third block and in the same format ), then the floating point
number for the correlation coefficient follows.

There are no empty lines between the blocks or after the last block. Strings may contain spaces. Floating
point numbers with exponents must have an upper-case E and up to three digits for the exponent. An
example of a model.box input file is given in Appendix B. All input is in free format, i.e. the amount of
space between the various input items is not relevant. After being processed by CHEM2MIN, all
parameter names, together with the values ( and distribution type, parameters, initial guesses ) are used to
extend this original PRISMI1 input file, generating a new “combined” input file named PRISM1.INP.

9.3.3. Template file for the chemical speciation ( minteq.template )

To reduce the overhead of computing the chemical speciation for each of the parameter sets, a template file
is used. Actually this file is a stack of templates for all boxes of the model. So the reading of the extensive
database becomes necessary only once per time step.

The template comes with the exact structure required by the respective chemical speciation modelling
software, here MINTEQA2. However, for each parameter sampled by PRISM, an unique tag of the form
#Q@H#PARAIii## is inserted into this template instead of an actual value, with iii standing for the
respective three-digits number of the parameter ( = position in the vector obtained from PRISM as shown
in Section 9.1 ). The physical order in the template can differ from the logical order, and there can be
several tags on one input line. Some constant parameters of the chemical model are not forwarded to
PRISM but rather already incorporated directly into the template to make the model and thus the
computing lean and fast. An example of a MINTEQA2 input template file is given in Appendix C.

For each parameter set generated by PRISM1, the template is later scanned by the interface module of the
integrated software. Tag numbers are recognized and the tags themselves substituted by the actual correct
parameter values, independent from the position in the input file.

9.3.4. Input file for PRISM2 ( PRISM2.INP )

This input file delivers information for PRISM2 in a line-oriented manner. The first line simply contains
the number of response functions created by PRISM2, this value of course must be in correspondence
with users(). The second line is just a ( problem-descriptive ) text with its first 40 characters to reappear
in various output files. The following lines then contain for each response a label / string, delimited by
apostrophes. Here, several strings can be grouped on the same line. Usually the end of the file is reached
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after these strings. But because this input file stays open when the subroutine users() is entered, additional
parameters can then be read in from PRISM2.INP. This can be used, e.g., to pass on some constant values
such as the half-life of isotopes.

9.3.5. Input file for PRISM3 ( PRISM3.INP )

PRISM3 needs also some specific information that is delivered through PRISM3.INP. It is, however the
smallest input file, just containing two lines in its minimal version. The first line is a descriptive text used
in the output files (40 characters long). The second line contains values for various control variables: the
type of regression to be performed (IRNK), the significance level for entrance of a variable into the
regression model (ALFAI), the significance level for rejection of a variable previously entered into the
model (ALFAQ), the minimum improvement in R2 that a variable can make for regression analysis to
continue (RCRIT) and the minimum correlation between two parameters and/or responses for inclusion
in printout (EPR). Finally, a third line may contain the number of previous dose pathways (NRD)
considered in the last response if the last response name is "TOTAL DOSE". It is possible to invoke the
default initialization by just ending the second input line with a slash. The following values are valid
entries for the variable IRNK:

-1 For both unranked and ranked regression,

0 For unranked regression,

1 For ranked regression,

2 For no regression,
The default settings for all control variables are as follows:

IRNK =1,

ALFAI=0.1,

ALFAO = 0.5 (Demand: ALFAO > ALFAI),

RCRIT =1,

EPR =0.25,

NRD =7.

9.4. Data flow between PRISM, BIOPATH and MINTEQA2

The flow chart in Fig. 1 depicts the data transfer and processing between the preprocessor, the various
PRISM modules, BIOPATH, MINTEQAZ2, and the new interface routines connecting them all. Boxes
with rounded corners are data files. Rectangular “buttons” stand for programs or subroutine modules:
black for PRISM, light grey for BIOPATH, dark grey for MINTEQA2 and the new interface
CHEMZMIN. Arrows show the data processing, which follows the paths outlined in Section 9.2. The box
SCM.DBS stands for any appropriate database of surface complexation constants.
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T =
MODBSY) (FscM.DBS)

Figure 1: Data flow between preprocessor, PRISM,
BIOPATH, MINTEQAZ2, and the interface modules
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10. Conclusions

Reliable risk prognostics for radioactively contaminated sites requires detailed information on the source
term. It was demonstrated, that in order to properly describe the evolution of the source term in space and
time an essential part of the information is related to physico-chemical phenomena. An overview over the
most important of these phenomena were elaborated, together with their parameter that are necessary for
modelling. These parameters can be grouped into three classes:

- system-specific parameters for the stationary state;

- system-specific parameters for the dynamic evolution;

- reaction-specific parameters.

The two classes of system-specific parameters must be determined on the given site. A multidisciplinary
approach, including radiologists, geologists, hydrologists, chemists, engineers and mathematicians, is not
only required for all later modelling purposes but also to ensure high-quality input data. Especially for the
stationary state data, recommendations for sampling techniques and analytical methods were given. The
reaction-specific parameters most often will be extracted from literature, several valuable sources were
pointed out, also guidance on the critical evaluation and on the proper usage of such databases is given.
This is accompanied by a list of useful methods to be applied in cases were, e.g. thermodynamic, data must
be determined through own experiments. Most of the discussed physico-chemical phenomena directly
contribute to the chemical speciation of the contaminant of interest. Namely, these are reactions in
homogeneous solution (redox reactions, hydrolysis, complexation, etc), the formation of pure and mixed
solid phases, and reactions on mineral surfaces. The modelling of chemical speciation has to take them all
into account.

This reports describes in detail the state-of-the-art of chemical speciation and migration modelling, giving
many examples of the transition of modelling approaches into software. So far, the complexity of physico-
chemical phenomena has not been properly accounted for in risk assessment software. The mainly applied
K, concept has several drawbacks but can be substituted by better approaches (unfolding the K, into its
main determining processes). This was demonstrated through the development of a new methodology,
based on a comprehensive chemical speciation modelling with inclusion of surface complexation reactions
({ MINTEQAZ2 [Allison et al., 1991]) and on the full integration of this part into an existing risk assess-
ment software package { PRISM / BIOPATH [Gardner ef al., 1983; Bergstrom et al., 1982] ). Appropriate
software has been developed and tested ( RESTRAT TD7 [Brendler et al., 1999] ). Applications of the
newly developed methodology towards five different test cases are demonstrated in the RESTRAT TDS5
[Brendler, 1999]. The new approach, and especially the unfolding of the K, makes it possible to perform
more detailed sensitivity analysis, to find the most critical parameters, to reduce the parameter space, and
finally to prepare the way for more reliable models. Thus the objectives of work package WP2.1 are met.

As an outlook the further development of the new approach should be mentioned. This could address, e.g.,
the introduction of time-dependence for various chemical parameters coupled to the incorporation of
kinetics to properly describe real geochemical processes with involvement of meta-stable phases. Another
direction of further research could be the move to other types of transport models such as the ones
described in Section 5.5.2.

18 August 1999 35 Issue 4




o

RESTRAT - Physico-Chemical Phenomena: State-of-the-Art Description _

11. References

Allen PG, Siemering GS, Shuh DK, Bucher JJ, Edelstein NM, Langton CA, Clark SB, Reich T and
Denecke MA (1997). Technetium speciation in cement waste forms determined by x-ray absorption fine
structure spectroscopy. Radiochimica Acta 76:77

Allison JD, Brown DS and Novo-Gradac KJ (1991). MINTEQA2/PRODEFAZ2, a geochemical assessment
model for environmental systems: Version 3.0 user’s manual. U.S. Environmental Protection Agency,
Environmental Research Laboratory, EPA/600/3-91/021

Appelo CAJ and Postma D (1993). Geochemistry, groundwater and pollution. Balkema, Rotterdam

Armold T, Zom T, Bernhard G and Nitsche H (1998). Sorption of uranium(VI) onto phyllite. Chemical
Geology 115:129

Ball JW, Nordstrom DK and Zachman DW (1981). U.S. Geologicai Survey Open File Report 87-50

Beckett R and Hart BT (1993). Use of Field-Flow Fractionation Techniques to Characterize Aquatic
Particles, Colloids and Macromolecules. In: Buffle J and van Leeuwen HP (eds.). Environmental Particles,
IUPAC Series on Environmental Analytical and Physical Chemistry, Volume 2:165. Lewis Publishers,
Boca Raton

Bennett DG, Liew SK, Mawbey CS and Read D (1992). CHEMTARD theoretical overview. DOE
Technical Report TR-WSA-48

Bergstrom U and Nordlinder S (1991). Uncertainties related to dose assessments for high level waste
disposal, Nuclear Safety 32:391

Bergstrom U, Edlund O, Evans S and Réjder B (1982). BIOPATH - A computer code for calculation of
the turnover of nuclides in the biosphere and the resulting doses to man. Report, Studsvik Energiteknik
AB, Studsvik/NW-82/261, Nyképing

Blum L (1988). Simple method for the computation of thermodynamic properties of electrolytes in the
mean spherical approximation. Journal of Physical Chemistry. 92:2969

Brendler V (1999). Physico-Chemical Phenomena Governing the Behaviour of Radioactive Substarnces.
Site-specific phenomena. RESTRAT Technical Deliverable TD 5, Report FZ Rossendorf, Institute of
Radiochemistry

Brendler V, Geipel G, Bernhard G and Nitsche H (1996). Complexation in the system
UO,**/PO,*/OH (aq): potentiometric and spectroscopic investigations at very low ionic strengths.
Radiochimica Acta 74:75

Brendler V, Stiglund Y and Nordlinder S.(1999). Risk assessment model for use in site restoration.

Software and user instructions. RESTRAT Technical Deliverable TD 7, Report FZ Rossendorf, Institute
of Radiochemistry

18 August 1999 36 Issue 4



RESTRAT - Physico-Chemical Phenomena: State-of-the-Art Description

Broekart JAC, Giicer S and Adams F (1990). Metal Speciation in the Environment. NATO ASI Series G:
Ecological Sciences, Vol. 23, Springer, Berlin

Brown PL, Haworth A, Sharland SM and Tweed CJ (1988). HARPHRQ - A geochemical speciation
program based on PHREEQE. UK Nirex Ltd., Nirex Safety Studies Report NSS/R188

Camahan CL (1987). Simulation of uranium transport with variable temperature and oxidation potential.
The computer program THCC. Mat.Res.Soc.Symp.Proc. 84:713 :

Connors KA (1990). Chemical Kinetics. The study of reaction rates in solution. VCH, New York

Coudrain-Ribstein A and Jamet P (1988). Le modele geochimique CHIMERE. Principes et notice
d'emploi. Centre d'Informatique Geologique Report, Ecole des Mines de Paris, LHM/RD/88/35

Crompton TR (1996). Analysis of Solids in Natural Waters. Springer, Berlin
Davies CW (1962). lon Association. Butterworths, Washington

Davies RH, Dinsdale AT er al. (1989). MTDATA Handbook. National Physical Laboratory, UK,
Documentation for NPL Database for Metallurgical Thermochemistry

Davis JA, James RO and Leckie JO (1978). Surface Ionization and Complexation at the Oxide/Water
Interface 1. Computation of Electrical Double Layer Properties in Simple Electrolytes. Journal of Colloid
and Interface Science 63:481

Davis JA and Kent DB (1990). Surface complexation modelling in aqueous geochemistry. In: Hochella
MF and White AF (eds.). Mineral-water interface geochemistry. Reviews in Mineralogy 23:177

Davis JA and Leckie JO (1978). Surface lonization and Complexation at the Oxide/Water Interface 11.
Surface properties of Amorphous Iron Oxyhydroxide and Adsorption of Metal lons. Journal of Colloid and
Interface Science 67:90

Davis JA and Leckie JO (1980). Surface Ionization and Complexation at the Oxide/Water Interface 3.
Adsorption of Anions. Journal of Colloid and Interface Science 74:32

Denecke MA, Reich T, Pompe S, Bubner M, Heise KH, Nitsche H, Allen PG, Bucher JJ, Edelstein NM,
Shuh DK (1997). Differentiating between Monodentate and Bidentate Carboxylate Ligands Coordinated
to Uranyl lons Using EXAFS. J. Physics. IV France 7(C2):637

De Nobili M, Gjessing E, and Sequi P (1989). Sizes and shapes of humic substances by gel chromatogra-
phy. In: Hayes MHB, MacCarthy P, Malcolm RB, and Swift RS (eds.). Humic substances II - In search of
structure, Wiley Interscience, Chichester

Deutsch WJ (1997). Groundwater Geochemistry. Fundamentals and Application to Contamination. Lewis
Publishers, Boca Raton

Dzombak DA and Morel FMM (1990). Surface complexation modelling. Hydrous ferric oxide. Wiley,
New York

18 August 1999 37 Issue 4




RESTRAT - Physico-Chemical Phenomena: State-of-the-Art Description

Eriksson G (1979). An algorithm for the computation of aqueous multicomponent, multiphase equilibria.
Analytica Chimica Acta 112:375

Eriksson G and Hack K (1990). ChemSage - a computer program for the calculation of complex chemical
equilibria. Metallurgical Transactions B 21:1013

Frinzle O (1993). Contaminants in terrestrial environments. Springer, Berlin
Gans P (1992). Data Fitting in the Chemical Sciences by the Method of Least Squares. Wiley, Chichester

Gardner RH, Rojder B and Bergstrém U (1983). PRISM - A systematic method for determining the effect
of parameter uncertainties on model predictions. Report, Studsvik Energiteknik AB, Studsvik/NW-83/555,
Nyképing

Geipel G, Brachmann A, Brendler V, Bernhard G and Nitsche H (1997a). Uranium(VI) sulfate
complexation studied by time-resolved laser-induced fluorescence spectroscopy (TRLFS). Radiochimica
Acta 75:199

Geipel G, Reich T, Brendler V, Bernhard G and Nitsche H (1997b). Laser and X-Ray Spectroscopic
Studies of Uranium-Calcite Interface Phenomena. Jounal of Nuclear Materials 248:408

Goldberg S (1991). Sensitivity of Surface Complexation Modelling to the Surface Site Density Parameter.
Joumnal of Colloid and Interface Science 145:1

Grenthe I, Plyasunov AV and Spahiu K (1997). Estimations of medium effects on thermodynamic data.
In: Grenthe I and Puigdomenech 1 (eds.). Modelling in Aquatic Chemistry, 325, OECD-NEA, Paris

Hamer K and Sieger R (1994). Anwendung des Modells COTAM zur Simulation von Stofftransport und
geochemischen Reaktionen, Verlag Emst & Sohn

Haworth A, Sharland SM, Tasker PW and Tweed CJ (1988). Extensions to the coupled chemical equilibria
and migration code CHEQMATE. UK Nirex Ltd., Nirex Safety Studies Report NSS/R115

Hayes KF, Redden G, Ela W and Leckie JO (1991). Surface Complexation Models: An evaluation of
model parameter estimation using FITEQL and oxide mineral titration data. Journal of Colloid and
Interface Science 142:448

Heames TJ, Williams DA, Bixler NE, Grimley AJ, Wheatley CJ, Johns NA, Domagala P, Dickson LW,
Alexander CA, Osborn-Lee I, Zawadzki S, Rest J, Mason A, and Lee RY (1992). VICTORIA : A
Mechanistic Model of Radionuclide Behavior in the Reactor Coolant System Under Severe Accident
Conditions. Sandia National Laboratory, Report NUREG/CR-5545, SAND 90-0756, R3, R4, Revl; Albu-
querque

Home RA (1971). Water and aqueous solutions. Structure, thermodynamics, and transport processes.
Wiley-Interscience, New York

Ingri N, Andersson 1, Pettersson L, Yagasaki A, Andersson L and Holmstrém K (1996). LAKE - A
program system for equilibrium analytical treatment of multimethod data, especially combined potentio-
metric and nuclear magnetic resonance data. Acta Chemica Scandinavica 50:717

18 August 1999 38 Issue 4



30

RESTRAT - Physico-Chemical Phenomena: State-of-the-Art Description

Ivanovich M, Swanton SW, Russell PJ, Read D, Thomas J, Tipping E and'Hurley MA (1993). Develop-
ment and testing of a coupled-process model incorporating colloidal phase: A study of thorium transport
in the presence of silica colloids. UK DoE Report, DOE/HMIP/RR/94/036

Jeffery PG and Hutchison D (1986). Chemical Methods of Rock Analysis. Pergamon Series in Analytical
Chemistry, Vol. 4. Pergamon Press, Oxford

Jenne EA (1979). Chemical modelling in aqueous systems. ACS symposium sertes 93, ACS, Washington
Kienzler B (1995). A Coupled Migration/Speciation Code - Demonstrated by Modelling the Migration of
Americium in a Column. Proceedings International Conference on Mathematics & Computations, Reactor

Physics & Environmental Analysis, Portland, U.S.A.

Klein T and NieBner R (1998). Characterization of Heavy Metal Containing Seepage Water Colloids by
Flow FFF, Ultrafiltration, ELISA and AAS. Microchimica Acta 129:47

Leggett DJ (1985). SQUAD: Stability quotients from absorbance data. In: Leggett, DJ (ed.). Computa-
tional methods for the determination of formation constants, 159-173, Plenum Press, New York

Leung VW-H, Darvell BW and Chan AP-C (1988). A rapid algorithm for solution of the equations of
multiple equilibrium systems - RAMESES. Talanta 35:713

Lichtner PC, Steefel CI and Oelkers EH (1996). Reactive Transport in porous media. Reviews in Mineral-
ogy 34 '

Lim TK (1987). A new method for calculating activity coefficients of mixed electrolytes. Journal of
Solution Chemistry 16:11

Liu CW and Narasimhan TN (1989). Redox-Controlled Multiple-Species Reactive Chemical Transport,
1. Model Development. Water Resources Research, 25:869

Liu CW and Narasimhan TN (1989). Redox-Controlled Multiple-Species Reactive Chemical Transport,
2. Verification and Application, Water Resources Research, 25:882

Manahan S (1994). Environmental Chemistry. 6th ed., Lewis Publishers (CRC Press), Boca Raton

Martell AE and Motekaitis RJ (1992). Determination and use of stability constants. 2nd ed., VCH, New
York

Mason P, Lemire R, Vuorinen U, Madic C, Kienzler B, Qaim S, Ogawa T, Park KK, Konings R, Grenthe
I and Fuger J (1996). Survey of Thermodynamic and Kinetic Databases. NEA/NSC/DOC(96)27

Melchior DC and Bassett RL (1990). Chemical modelling of aqueous systems 1I. ACS symposium series
416, ACS, Washington

Meloun M, Havel J and Hogfeldt E (1988). Computation of solution equilibria: a guide to methods in
potentiometry, extraction, and spectrophotometry. Horwood, Chichester

18 August 1999 39 Issue 4




RESTRAT - Physico-Chemical Phenomena: State-of-the-Art Description

Moll H, Matz W, Schuster G, Brendler E, Bernhard G and Nitsche H (1995). Synthesis and Characteriza-
tion of Uranyl-Orthosilicate (UO,)Si0,2H,0. Journal of Nuclear Materials 227:40

Moll H, Geipel G, Matz W, Bermmhard G and Nitsche H (1996). Solubility and speciation of
(U0,),Si0,-2H,0 in aqueous systems. Radiochimica Acta 74:3

Moll H, Geipel G, Brendler V, Bernhard G and Nitsche H (1998). Interaction of uranium(VI) with silicic
acid in aqueous solutions studied by time-resolved laser-induced fluorescence spectroscopy (TRLFS).
Joumal of Alloys and Compounds 271-273:765

Moreno RA, Barrdahl R, Bergstrom U and Nordlinder S (1995). Comparison of BIOPATH and
MARCEN, Report, Swedish Radiation Protection Institute, SSI-Rapport 95-23, Stockholm

Nitzsche O (1997). TReAC-Modell zur Beschreibung des reaktiven Stofftransports im Grundwasser. Wiss.
Mitteilungen Inst. Geologie 1/1997, TU Bergakademie Freiberg, Freiberg

Noorishad J, Camahan CL and Benson LV (1987). Development of the non-equilibrium reactive chemical
transport code CHEMTRNS. Lawrence Berkeley Laboratory, University of California, Report LBL-22361

Nordlinder S, Aggeryd I, Bergstrom U and Sundblad B (1995). Environmental risk assessment for the
Sillamée waste repository. Proceedings Intemnational Symposium on Environmental Impact of Radioactive
Releases, IAEA, Vienna

Nordlinder S, Bergstrom U, Hammar J and Notter M (1993). Modelling turnover of Cs-137 in two
subarctic salmonid ecosystems. Nordic Journal of Freshwater Research 68:21

Osthols E (1994). The C-Letagrop program system. Version 1.4. Royal Institute of Technology Report,
TRITA-OOK-2051, Stockholm

Osthols E (1994). The C-Haltafall program system for equilibrium speciation calculations. Version 1.7.
Royal Institute of Technology Report, TRITA-OOK-2062, Stockholm

Papelis C, Hayes KF and Leckie LO (1988). HYDRAQL: A program for the computation of chemical
equilibrium composition of aqueous batch systems including surface-complexation modelling of ion
adsorption at the oxide/solution interface. Department of Civil Engineering, Stanford University, Technical
Report 306, Stanford

Parkhurst DL, Thorstenson DC and Plummer LN (1980). PHREEQE - A computer program for geochemi-
cal calculations. U.S. Geological Survey Water-Resources Investigations, Report 80-96

Parkhurst DL (1995). User's guide to PHREEQC - A computer program for speciation, reaction-path,
advective-transport, and inverse geochemical calculations. U.S. Geological Survey Water-Resources
Investigations, Report 95-4227

Pecora R (ed.) (1985). Dynamic Light Scattering. Plenum Press, New York and London

Perkins EH, Kharaka YK, Gunter WD and DeBraal JD (1990). Geochemical modelling of water-rock
interactions using SOLMINEQ.88. In: Melchior DC and Bassett RL (eds). Chemical modelling of aqueous
systems 11, ACS symposium series 416:117, ACS, Washington

18 August 1999 40 Issue 4



RESTRAT - Physico-Chemical Phenomena: State-of-the-Art Description

Perry DL (1990). Instrumental surface analysis of geologic materials. VCH, Weinheim
Phillies GDJ (1990). Quasielastic Light Scattering. Analytical Chemistry 62:1049A

Pitzer KS (1973). Thermodynamics of electrolytes. 1. Theoretical basis and general equations. Journal of
Physical Chemistry. 77:268

Pitzer KS (1991). Activity coefficients in electrolyte solutions. 2nd ed., CRC Press, Boca Raton

Plummer LN, Parkhurst DL, Fleming GW and Dunkle SA (1988). A computer program incorporating
Pitzer’s equations for calculation of geochemical reactions in brines. U.S. Geological Survey Wa-
ter-Resources Investigations, Report 88-4153

Puigdomenech I and Bergstrom U (1994). Calculated distribution of radionuclides in soils and sediments.
SKB Technical Report 94-32, Stockholm

Read D (1994). Chemval-2 project. Report on stage 1: status of six technical areas. CEC Nuclear Science
and Technology, Report EUR 15161, Luxembourg

Reich T, Moll H, Denecke MA, Geipel G, Bemhard G, Nitsche H, Allen PG, Bucher JJ, Kaltsoyannis N,
Edelstein NM and Shuh DK (1996). Characterization of hydrous uranyt silicate by EXAFS. Radiochimica
Acta 74:219

Scatchard G (1968). Excess free energy and related properties of solutions containing electrolytes. Journal
of the American Chemical Society 90:3124

Schecher WD and McAvoy DC (1994). MINEQL": A Chemical Equilibrium Program for personal
Computers. User's Manual Version 3.0. Environmental Research Software, Hallowell, ME 04347, U.S.A.

Schimpf ME and Wahlund KG (1997). Asymmetrical Flow Field-Flow Fractionation as a Method to Study
the Behavior of Humic Acids in Solution. J. Microcolumn. Separations 9:535

Schmalzried H (1995). Chemical Kinetics of Solids. VCH, Weinheim

Schnoor JL (1996). Environmental Modeling. Fate and Transport of Pollutants in Water, Air, and Soil.
Wiley-Interscience, New York

Schurtenberger P and Newman ME (1993). Characterization of Biological and Environmental Particles
Using Static and Dynamic Light Scattering. In: Buffle J and van Leeuwen HP (eds.). Environmental
Particles. IUPAC Series on Environmental Analytical and Physical Chemistry, Volume 2:37-116. Lewis
Publishers, Boca Raton

Simunek J and Suarez DL (1993). UNSATCHEM-2D Code for Simulating Two-Dimensional Variably
Saturated Water Flow, Heat Transport, Carbon Dioxide Production and Transport, and Multicomponent
Solute Transport with Major lon Equilibrium and Kinetic Chemistry, Version 1.1 Manual. Research
Report No. 128, U.S. Department of Agriculture, Riverside

Sposito G (1983). On the Surface Complexation Model of the Oxide-Aqueous Solution Interface. Journal
of Colloid and Interface Science 91:329

18 August 1999 41 Issue 4



RESTRAT - Physico-Chemical Phenomena: State-of-the-Art Description

Sposito G (1989). Surface Reactions in Natural Aqueous Colloidal Systems. Chimia 43:169

Sposito G and Mattigod SV (1980). GEOCHEM: A computer program for the calculation of chemical
equilibria in soil solutions and other natural water systems. Department of Soil Science, Report, Keerney
Foundation of Soil Science, University of California, Berkeley

Steefel Cl and Yabusaki SB (1995). OS3D/GIMRT - Software for modelling multicomponent-multidimen-
sional reactive transport. User manual & programmer’s guide version 1.0. Battelle Memorial Institute

Stiglund Y and Nordlinder S (1999). Dose Assessment Model for use in site restoration. General method-
ology and site-specific aspects. RESTRAT Technical Deliverable TD 6, Report Studsvik Eco & Safety
AB, Nykoping

Stumm W (1992). Chemistry of the solid-water interface. Wiley, New York

Stumm W and Morgan JJ (1996). Aquatic chemistry: chemical equilibria and rates in natural waters.
3rd ed., Wiley, New York

Swift RS (1985). Fractionation of soil humic substances. In: Aiken GR (ed.). Humic substances in soil,
sediment, and water. Wiley Interscience, New York

Teterin YA, Nefedov VI, Ivanov KE, Baev AS, Geipel G, Reich T and Nitsche H (1996). X-ray photoelec-
tron spectroscopy investigation of UQ,(CIO ), , with calcite and diabase minerals. Zhurnal
Neorganisheskoyi Khimii 41:1884

Truesdell AH and Jones BF (1973). WATEQ, a computer program for calculating chemical equilibria of
natural waters. U.S. Geological Survey, National Technical Information Service, PB-220 464

Ure AM and Davidson CM (1995). Chemical Speciation in the Environment. Blackie Academic &
Professional, London .

Vacca A and Sabatini A (1985). MINIQUAD and MIQUV: Two approaches for the computation of
formation constants from potentiometric data. In: Leggett, DJ (ed.). Computational methods for the
determination of formation constants, 99. Plenum Press, New York

Van der Lee J, Ledoux E, De Marsily G, Vinsot A, Van de Weerd H, Leijnse A, Harmand B, Rodier E,
Sardin M, Dodds J and Hemandez Benitez A (1997). Development of a model for radionuclide transport
by colloids in the geosphere. CEC Nuclear Science and Technology, Report EUR 17480, Luxembourg

Walter AL, Frind EO, Blowes DW, Ptacek CJ and Molson JW (1994). Modeling of multicomponent
reactive transport in groundwater. 1. Model development and evaluation. Water Resources Research
30:3137

Westall JC, Zachary JL and Morel FMM (1976). MINEQL, a computer program for the calculation of
chemical equilibrium composition of aqueous systems. Technical Note 18, Department of Chemical
Engineering, MIT, Cambridge, MA

Westall JC (1982). FITEQL - A computer program for determination of chemical equilibrium constants
from experimental data. Department of Chemistry, Oregon State University, Report 82-02, Corvallis

18 August 1999 42 Issue 4



2

RESTRAT - Physico-Chemical Phenomena: State-of-the-Art Description

Wolery TJ (1992). EQ3/6, A software package for the geochemical modelling of aqueous systems.
UCRL-MA-110662 Part I, Lawrence Livermore National Laboratory

Yeh GT and Tripathi VS (1990). HYDROGEOCHEM: a coupled model of hydrologic transport and

geochemical equilibria in reactive multi-component systems. Oak Ridge National Laboratory, Report
ORNL-6372

Zheng C and Wang PP (1998), MT3DMS: Documentation and User’s Guide, Report to the U.S. Army
Corps of Engineers Waterways Experiment Station. University of Alabama, Tuscaloosa, Alabama

18 August 1999 43 Issue 4



RESTRAT - Physico-Chemical Phenomena: State-of-the-Art Description

12. Acknowledgment

There are many people who contributed to this report. First I would like to mention my colleague Thuro
Arnold, who helped me to understand surface complexation, and the behaviour of minerals in natural
environments. Yvonne Stiglund (now at VBB in Nykoping), Sture Nordlinder, and Ignasi Puigdomenech
{(now at KTH in Stockholm) from Studsvik Eco & Safety AB in Nykdping / Sweden helped me to
understand and work with the PRISM / BIOPATH package. The project coordinator, Theo Zeevaert from
SCK-CEN in Mol / Belgium improved the report with many remarks, also Duncan Jackson, Stewart
Wragg (now at BNFL), and Andrew Bousher from Westlakes Scientific Consultants / Great Britain.

18 August 1999 44 Issue 4




RESTRAT - Physico-Chemical Phenomena: State-of-the-Art Description

Appendices

Appendix A: Example for an input file model.chem

# Text for overall problem description (just one line)
Generic Rock Pile Site (RESTRAT PROJECT) - Full Model
# Database to be used (3 characters)

fzr :

# Name and date of model creator

V.Brendler

21.09.1998
# Number of boxes
1

# (average) Temperature in Celsius
TCELSIUS 0 ¢ 15

# Contaminant

U02+2

# For each box: Comment line
Aquifer Layer (Box 1)

# Type of adsorption model

7

# Sorption database

HFO_DDL.DBS

# Sorption parameters; Type; Distribution; Values
ADS1CONC O t 1.967e3 1.0e3 2.0e3
ADS1AREA 0 c 600

2

ADS1TYPl1 0 c 0.106 -0.2

ADS1TYP2 0 c 4.43 -0.2

# Redox state and pH

Eh -1 n 0.346 0.02

pH O n 7.46 0.15

# Number of components

10

# Component formula; Concentration type; Distribution; Values

V02+2 0 n 1.004e-6 2.36e-7 1.0e-15
NO3-1 0 c 1.188e-4

S04-2 0 n 2.248e-2 1.92e-3

C03-2 21 n -2.49 0.25

Cl-1 0 n 5.63%9e-4 6.47e-5

H4Si04 19 QUARTZ

K+l 0 n 1.175e-3 8.91le-5

Na+l 0 n 8.647e-4 4.44e-5

Ca+2 19 CALCITE

Mg+2 0 n 1.038e-2 3.33e-5

# Number of reactions with varied equilibrium constant
0

# Number of minerals or complexes to be suppressed
2

# Species formula; Species type

PYROPHYLLITE 1

DIASPORE 1

# Species for charge balancing

S04-2

#
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Appendix B:

Example for a model.box input file

1000 54
‘MCumbCost’
’MSedChan '
'MBankLow ’
MBankUpp *
‘MBankEro '/
' SedAccLow’
' SedAccUp’
‘ResTiLow’
'‘SedRat
‘SuspRa '
'ResuspEr’
'BulkDens’
‘ChanYta
'ExrYta !
'FracToEr’
‘Outflow
’*SedRatIr’
fSusplr '
‘MeanDepth’
‘UpBaArea’
'TotArea '
'PasYield’
'FrMilkCow’
‘MeatProd’
'MilkProd’
‘FrSheep '
*ShMeetPr’
'FishProd’
'SheFiProd’
' Occupancy’
! Pop [
'CoPaCon
'ShpPaCon '
’ DFI I C ’
'Soluble_Ir’
‘Part_Ir
'In_Ir 3
'In_Chan_4'
‘In_Ba L_5'
‘In_Ba_U_6'
*In_Ero_7 '
'Source_Ir’
'DF_milk
'DF_meat '’
'DF_sheep '
'CF_plant
'BF_fish
'BF_Shellf’
'Kd_sed !
'T_halv '
‘Dosfakt
‘ExtDosF '’
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'Soluble_Ir’

'T
'T
'T
'T
‘T
'T
‘T
ITI
'T
'N
'
'LT
'T
'T
‘U
'T
‘T
'T
'T

’
.
’
’
’
'
’
’
.
’
’
't
'
'
’
’
'
[
'
'
[
’
’
'
[

P T S

‘T
'T
‘U
'T
‘T
‘v
'T
'T
'T
‘N
‘N
‘T
'T
1
‘LT’
LT
o
[
T
rp o
rypo
rc o’
‘LT
‘LT
‘LT
‘LT
1T
'LT’
‘LT’
c !
rc o
rc o

'Part_Ir

Ravenglass Estuary - Americium
2555512

~J

.5E8
.13
.4

VWOHWOOoOWN

HONKFE&®WINO
w
1
[
N

552
7380
2.1E-7
1.1E-15

' 0.85

[eNeNoNeNoloeNaeNoNeNoNelloNeNeNeNoNeNeoNoNoReNoNoNeo il oo NelNoNoNeNoNeNel

[eNeoNoNoNaNaNoNoNeoNeNolloNeNeNoNolNeNe)

[¢3]
[
w

NN

4E-3

6E1S
1E12
2E12
SE12
1E12
1E13
4E-7
4E-6
3E-4
2E-4
0.5
100
30

1E10
1E10

0.087
53.2
SE1S
6E12
7E12
2E13
SE12
2E13
2E-5
1E-4
3E-2

200
1000
790
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Appendix C:

Example for a MINTEQA2 input template

Generic Rock Pile Site (RESTRAT PROJECT) - Full Model

Created at: 21.09.1998
Created by: V.Brendler
Box 1: Aquifer Layer (Box
#@#PARAOO1## MOLAL 0.000
0011200013000
4 1 7

#@#PARAOO2## #@H#PARAOO3##

1 0.0 0.
330 0.0 0.

893 #@#PARAO1OH##
492 H@HPARAOL1l##
732 H@HPARAOL2##
140 0.0
180 #@H#PARAO1l4##
770 0.0
410 HOHPARAOLSH#
500 #@#PARAQle##
150 0.0
460 H@HPARAOL7##
811 #@H#PARAOO4##
812 #@H#PARAOOSHSE
813 0.0

1
-
w

OO0 00000O0OO0OOOO

3 5
330 H#@H#PARAOO9H##
3301403 #@H#PARAOL13##
1 H@HPARAOOBH#
2077002 4.0060
5015001 8.4750
6 3
8603002
2003002
813

(e aNeiNoNal

oo
(el eNe)
[e N eNe]
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1)

H#@HPARAOOGH# H#@#PARAOOT7## 81

00 /E-1

00 /H+1

.00 n /U02+2
.00 /NO3-1
.00 /804-2
.00 /C03-2
.00 /Cl-1

.00 /H4S1i04
.00 /K+1

.00 /Na+1

.00 . /Ca+2

.00 /Mg+2

.00 /ADS1TYP1
.00 /ADS1TYP2
.00 /ADS1PSIo
.00 /H+1

.00 /Co02 (g)
.00 /E-1

.00 /QUARTZ
.00 /CALCITE
.00 /PYROPHYLLITE
.00 - /DIASPORE
.00 /BDS1PSIo

This example was generated based on the chemical input file shown in Appendix A, but it does not show
the sorption database that will also be appended automatically on the MINTEQA2 input file template.
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